INTRODUCTION
============

With the progress of recent multimodality cancer treatments and advancement of imaging to detect newly developing lesions, retreatment of late relapse or a second neoplasm has become more common in the management of patients with cancers. The spinal cord is considered a major dose-limiting organ in radiotherapy because radiation myelopathy can result in severe functional deficits. The low tolerance of the spinal cord to radiation^[@ref1])^ often limits the treatment dose to a level far below the optimal tumor treatment dose, especially in retreatment of tumors located within or immediately adjacent to the previous external beam radiation therapy (EBRT) field. Conventional EBRT lacks the precision to allow delivery of large doses of radiation near radiosensitive structures, such as the spinal cord. If the radiation dose could be confined more precisely to the treatment volume, the likelihood of successful tumor control should increase at the same time that the risk of spinal cord injury is minimized. Stereotactic radiotherapy (SRT) or radiosurgery (SRS) delivers a highly conformal and large radiation dose to a localized tumor by means of stereotactic approach. We report 3 cases of spinal intradural metastatic tumors, developing within or immediately adjacent to the previous EBRT field, which were treated with SRT and the results were favorable.

PATIENTS AND METHODS
====================

Patients
--------

Three patients (Cases 1, 2, and 3) with spinal intradural metastases were treated by SRT using the Novalis System (BrainLAB, Tokyo, Japan). All patients signed Institutional Review-Board informed consent forms. Spinal intradural metastases developed within or just adjacent to the previous EBRT field. The intervals between the previous EBRT and the Novalis SRT were 3, 14, and 6 months, respectively. Case 1 had C (cervical) 1 and C2 intramedullary metastasis. Case 2 had C6-8 extramedullary metastasis. Case 3 had C1-2 and L (lumbar) 1 extramedullary metastases.

Stereotactic radiotherapy technique
-----------------------------------

The Novalis SRT system consists of several stereotactic components. Infrared passive reflectors attached non-invasively to the patient's body shell surface were used for positioning of the target close to the isocenter of a linear accelerator. X-ray image guidance was used for fine positioning adjustments based on internal anatomy, such as the spinal bone. The infrared guidance is also used to monitor external patient motion during treatment. A head and neck thermoplastic shell for cervical spinal lesions, or a vacuum couch and a thermoplastic body shell for thoracic, lumbar, and sacral lesions ([Fig. 1](#fig01){ref-type="fig"}), minimize the patient's movement during treatment. Spinal lesions are exactly targeted after localization of spinal bone structures during Novalis SRT as described above.

![Two types of shells for patient fixation during Novalis stereotactic radiation therapy (SRT). One is for cervical spinal lesions (**A**) and the other for thoracic, lumbar, and sacral lesions (**B**).](2186-3326-75-0263-g001){#fig01}

RESULTS
=======

Total doses of 24 to 36 Gy in 5 to 12 fractions were delivered to spinal intradural metastases within or adjacent to the previous irradiation field. Chemotherapy was continued after Novalis SRT in all 3 patients. In Case 1, the C1 and C2 intramedullary tumors were stable until the patient's death 10 months after SRT. In Case 2, the C6-8 tumor disappeared and no relapse occurred until the patient's death 22 months after SRT. In Case 3, the intradural tumors were stable until the patient's death 5 months after SRT. Neurological symptoms were stable in Case 1. Symptoms were improved in Case 2 and Case 3 after SRT.

Case presentation
-----------------

Case 1 67-year-old male, [Fig. 2](#fig02){ref-type="fig"}

![Case 1. Coronal view (**A**) and sagittal view (**B**) of CT with contrast enhancement during treatment plan of Novalis SRT for C1 and C2 intramedullary metastases on BrainSCAN (BrainLAB, Tokyo, Japan). Sagittal views of MRI before (**C**) and 4 months after SRT (**D**). The treated lesions were stable for 10 months after SRT until the patient died from primary lung adenocarcinoma.](2186-3326-75-0263-g002){#fig02}

The patient suffered from lung adenocarcinoma for 15 years. He underwent resection of the lung tumor initially and then received chemotherapy for relapse of lung cancer 14 years later. In addition, he received whole brain EBRT (WB-EBRT) of 40 Gy in 20 fractions, following surgical resection of the left frontal brain metastasis. The field of WB-EBRT covered the cervical spinal medulla of C1. He then developed gait disturbance due to spinal intramedullary metastases of C1 and C2. The tumor in C1 was in the field of the previous WB-EBRT, and that of C2 was just outside the field. SRT by circular multi-arc of a cone collimator using Novalis was performed for both spinal lesions. A total dose of 24 Gy (at 100% isodose) in 8 fractions was delivered for the C1 lesion (planned target volume, PTV=0.23 ml) and 36 Gy in 12 fractions was delivered to the C2 lesion (0.07 ml) using a multi-circular cone collimator. D95 (rate of PTV volume covered in 95% dose) was 96% in both tumors. Both tumors were stable until death from primary lung carcinoma 10 months after the Novalis SRT. The patient developed mild ataxia before treatment but the symptoms were stable until his death.

Case 2 44-year-old male, [Fig. 3](#fig03){ref-type="fig"}

![Case 2. Sagittal MRI before (**A**) and after (**B**) the second surgical resection of recurrent intradural extramedullary metastasis around C6-8. Coronal view (**C**) and sagittal view (**D**) of MRI with gadolinium (Gd) enhancement during treatment plan of Novalis SRT for residual tumor on the surface of the spinal medulla. The tumor almost disappeared within 3 months after SRT (**E**) and no relapse occurred prior to the patient's death 22 months after SRT.](2186-3326-75-0263-g003){#fig03}

The patient developed intradural extramedullary metastasis around C6-8 originating initially along the C8 nerve root, which was inside the previous irradiation field for the primary right upper lung adenocarcinoma. The patient developed left-sided hemi-dysesthesia. The spinal tumor was once resected subtotally, but recurred 3 months later. The site of the spinal tumor was included in the field of 42 Gy out of a total 60 Gy of the previous irradiation for right upper lung adenocarcinoma. We treated the residual tumor (PTV=1.74 ml) by SRT with 25 Gy (at 100% isodose) in 10 fractions using a coplanar intensity-modulated multi-beam after a second surgical subtotal resection. D95 was 96%. The tumor disappeared and no relapse occurred prior to the patient's death 22 months after Novalis SRT and the patient's neurological symptoms had partially improved.

Case 3 55-year-old male, [Fig. 4](#fig04){ref-type="fig"}, [5](#fig05){ref-type="fig"}

![Case 3. Coronal (**A**) and sagittal (**B**) view of treatment planning of SRT on CT. The tumor around C1-2 (**C**: sagittal MRI with gadolinium enhancement before SRT) disappeared within 3 months after the treatment (**D**, sagittal MRI with Gd enhancement). No relapse occurred prior to the patient's death from primary cancer 5 months after the Novalis treatment.](2186-3326-75-0263-g004){#fig04}

![Case 3. Coronal (**A**) and sagittal (**B**) view of treatment planning of SRT on CT. The tumor around L1 (**C**: sagittal MRI with Gd enhancement before SRT) was decreased in size within 8 months after SRT (**D**, sagittal MRI with Gd enhancement).](2186-3326-75-0263-g005){#fig05}

The patient received chemoradiation therapy for lung adenocarcinoma, and developed headache and nausea due to cerebellar metastasis 10 months later. The cerebellar tumor was surgically resected, then treated with WB-EBRT of 40 Gy. The patient developed occipital pain 6 months later. Spinal magnetic resonance imaging (MRI) revealed multiple spinal intradural metastases thought to be cerebrospinal fluid seeding. A C1-2 tumor (11.25 ml) caused occipital pain and an L1 tumor (15.27 ml) caused lumbar pain. Both tumors were treated with Novalis SRT for palliation to relieve the pain. A total dose of 25 Gy (at 100% isodose) in 5 fractions was delivered to both tumors using a coplanar conformal multi-beam. D95 was 96% in both tumors. Both tumors remarkably shrunk within 2 months after SRT. No relapse occurred until death from primary lung carcinoma 5 months after Novalis SRT. Pain was partially relieved a week after the treatment.

DISCUSSION
==========

Novalis stereotactic radiotherapy is a precise and useful technique to safely deliver radiation to lesions involving the spinal cord. Since the Novalis system uses X-ray image analysis to correct patient position before each treatment session, spinal lesions are exactly targeted after localization of spinal bone structures.^[@ref2],\ [@ref3])^ The spinal cord is spared as much as possible, while the tumor receives a higher dose than possible with conventional EBRT. The versatility of the Novalis system in precisely confirming radiation to lesions in close relationship to the spine provides an important palliative treatment for patients with malignancies threatening their QOL. We obtained preferable results by Novalis SRT in 3 cases of spinal intradural metastases in or just adjacent to the field of previous irradiation. In all 3 cases, the treated tumors were controlled until the patients' death.

There are some reports on successful results of SRT or SRS for spinal metastases,^[@ref2]-[@ref7])^ but most describe only spinal bone metastases. There are few reports on the results of SRT or SRS for spinal intradural metastases. Endo *et al.* ^[@ref8])^ reviewed reports of conventional EBRT for intramedullary spinal cord metastases, and found that a total dose of 25 to 40 Gy improved patients symptoms in 84.2% (116 out of 191). Shin *et al.* ^[@ref9])^ reported treatment results of spine SRS for intradural and intramedullary metastases in 9 patients (11 tumors). The median treatment dose was 13.8 Gy (range, 10--16 Gy). They observed that only 1 case (11%) developed tumor progression, and no adverse effects were noted.

The clinical radiation tolerance dose of the spinal cord is important because radiation myelopathy is one of the most feared complications of radiotherapy. The tolerance dose (TD) to the spinal cord has been defined based on retrospective analysis of patients who developed myelopathy from treatment errors or overlapping fields. It is usually quoted as 45 Gy to 50 Gy in 2-Gy fractions, which is known to be TD 5/5, 5% severe complication probability in 5 years.^[@ref10])^ However, more recent studies that included large numbers of patients have shown that a more realistic TD 5/5 could be up to 60 Gy.^[@ref11])^ Animal studies have also shown a similar tolerance dose of the monkey spinal cord.^[@ref12])^

The dose-volume effect of the spinal medulla against radiation is not established.^[@ref6],\ [@ref13].\ [@ref14])^Concerning single-session radiosurgery for spinal bone metastasis, Ryu *et al.* ^[@ref6])^ considered that the partial volume tolerance of the human spinal cord is at least 10 Gy to 10% of the spinal cord volume defined as 6 mm above and below the radiosurgery target. Gerszten *et al.* ^[@ref15])^calculated the volume of the entire spinal canal receiving more than 800 cGy during treatment planning in order to estimate the safety of SRS. Sahgal *et al.* ^[@ref16])^ investigated 5 cases of radiation myelopathy and indicated that SRS 10 Gy to a maximum point dose for the thecal sac is safe. Milano *et al.* ^[@ref17])^ reviewed a reported series and mentioned that the volume of the thecal sac receiving more than 14 Gy and 10 Gy must be considered. Other centers using intensity-modulated, near-simultaneous, CT-image-guided SRT techniques have employed doses of 6--30 Gy in 1--5 fractions.^[@ref5])^

Retreatment of the spinal cord generally has been contraindicated. This concept was based on the assumption that long-term recovery from radiation damage does not occur in nerve tissue and, hence, a normal spinal cord would not tolerate re-irradiation. Recent retreatment studies with animals using limb paralysis as an endpoint have shown substantial recovery of spinal cord injury when sufficient time had elapsed after the initial treatment.^[@ref13])^ However, a certain interval is necessary for recovery. Ang *et al.* ^[@ref18])^ observed that 2 years was apparently a sufficient time for recovery, allowing full-dose re-irradiation in monkeys. Ryu *et al.* ^[@ref10])^ reported a successful result of 'full-dose' re-irradiation for glial tumor in the C1-Th1 spinal medulla. The patient had received 46.8 Gy in 26 fractions at the initial EBRT but the tumor recurred locally 12 years later. A total dose of 45 Gy in 25 fractions were given for relapse. The patient was reportedly doing well 5 years after the second EBRT. Sahgal *et al.* ^[@ref19])^ found that a dose of approximately 70 Gy or less, in a total maximum point dose normalized to a 2 Gy equivalent dose, was safe.

As the recurrent spinal tumors in our cases were located inside or just adjacent to the spinal medulla, a certain amount of spinal medulla next to the tumor would be irradiated together with the tumor itself. The tumor was also inside or just adjacent to the previous irradiation field. In these cases, the interval between the previous irradiation and the Novalis SRT was not long, at 3, 14, and 6 months, respectively. We considered that the best way to reduce the irradiated volume as little as possible is with the stereotactic radiation technique. In Case 1 (C1 lesion) and Case 2 we reduced the volume of the re-irradiated volume by a steep dose fall-off between the tumor and the surrounding spinal parenchyma by SRT. In Case 1 (C2 lesion) and Case 3 we spared the previously irradiated area using SRT. A circular beam with a cone collimator was used in Case 1 because the tumors were spherical and surrounded all the way by spinal parenchyma, though a micro-multi-leaf collimator was employed in Case 2 and Case 3. Though the follow-up time was short in all 3 cases as a result of the patients' death from the primary lesions, symptoms did not develop due to side effects on the spinal re-irradiation at 10, 22, and 5 months, respectively.

We usually use around 30 to 32.5 Gy in 5 to 6 fractions or 30 to 40 Gy in 10 fractions at 100% isodose for spinal bone metastases if the patient has not received prior EBRT in the area. For intradural metastases, 25 Gy in 5 fractions to 36 Gy in 12 fractions is delivered. In Cases 1 (C1 lesion) and Case 2 we gave reduced doses due to concern of previous radiation. Neither developed side effects of SRT, though the follow-up time was short.

CONCLUSIONS
===========

Palliative SRT is expected to be a safe and effective treatment if the patient develops spinal intradural metastases within or adjacent to the previous irradiation field. We obtained preferable results for SRT using the Novalis system in 3 cases of spinal intradural metastases within or just adjacent to the field of previous irradiation. SRT is a precise and useful technique for delivering radiation safely to lesions involving the spinal cord and simultaneously reducing the dose to the surrounding structures. SRT may delay neurological deterioration and improve quality of life without complications.
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